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Abstract
A new laser-proton acceleration structure combined by two relativistic electron shells, a
suprathermal electron shell and a thermal electron cloud is proposed for a ' 80σ0, where a is
the normalized laser field and σ0 is the normalized plasma surface density. In the new region, a
uniform energy distribution of several GeV and a monoenergetic hundreds-of-MeV proton beam
have been obtained for a = 39.5. The first relativistic electron shell maintains opaque for incident
laser pulse in the whole process. A monoenergetic electron beam has been generated with energy
hundreds of MeV and charge of hundreds of pC. It is proposed a stirring solution for relativistic
laser-particle acceleration.
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Laser-ion acceleration has been an international research focus[1–3], however it is still
a challenge to obtain mono-energetic proton beams larger than 100MeV. Although the
field in the laser-plasma acceleration is three to four orders higher than that of the classic
accelerators, it decreases to zero quickly in several pulse durations for target normal sheath
acceleration (TNSA)[2] for a≪ σ0 =
nele
ncλ
, where a = eEl/mωc, El is the electric field of the
laser pulse, ω is the laser frequency, e is the elementary charge,m is the electron mass, c is the
light velocity, n0 is the initial plasma density, nc is the critical density, λ is the wave length,
ne is the electron density, le is the thickness of the electron shell. As a promising method
to generate relativistic mono-energetic protons, radiation pressure acceleration (RPA) has
attracted more attention[3, 4, 6, 7] and becomes dominant in the interaction of the ultra-
intense laser pulse with thin foils if a ≈ σ0. Even in the unlimited ion acceleration[7], only
the ions trapped in the electron shell can obtain efficient acceleration, therefore, the total
charge of the ion beam is quite limited due to the transverse expansion[7]. Although in RPA
region, the energy dispersion will become worse with time.
Fortunately, for a ' 80σ0, in the relativistic case, a new acceleration region appears:
double relativistic electron shells come into being. The ions between the two electron shells
will be accelerated most efficiently and obtain a uniform energy distribution. The first
electron shell is ultra-relativistic and is totally separated from the ions. The second electron
shell comes into being in the potential well induced by the electron recirculation and will
also be relativistic. It is in the ion region and follows the ion front and forms a potential well
which traps energetic ions and accelerates them to be quasi-mono-energetic and relativistic.
Following the second electron shell, a suprathermal electron beam comes into being and
induces another potential well which can also trap lots of ions and accelerate them to obtain
a monoenergetic relativistic one. On the whole, the maximum ion energy can reach several
GeV and a relativistic monoenergetic ion beam with relative energy dispersion smaller then
5% can be obtained.
As a ultraintense laser pulse is shot on a ultra-thin plasma foil for a ' 80σ0, the electron
shell is compressed to ultra-high density and pushed forward to be separated from the ion
shell totally, and gains ultra-relativistic energy that can make sure it opaque for the laser
pulse. In the whole process, the first electron shell keeps opaque for the incident laser pulse
and is pushed by it continuously. According to Eq. (22)[7], it can be satisfied that the
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opaqueness condition of electron shell for laser in the acceleration:
a0 ≤ π(γe + pe)nˆelˆe, (1)
since d ln(pnˆelˆe)/dt > 0, as pointed by Bulanov, p ∝ t
1/3 is the normalized electron momen-
tum, and nele = n0l0 in the no transverse expansion case, where the electron density ne, n0
are normalized by nc and le is normalized by λ, a0 = eE0/mω0c, E0 is the electric field of
the laser pulse, ω0 is the laser frequency, e is the elementary charge, m is the electron mass,
c is the light velocity, n0 is the initial plasma density, nc is the critical density, λ is the wave
length. In the ultra-relativistic case, the r.h.s. of Eq. (1) is approximate 2πpnˆelˆe.
For a = 39.5 and nˆelˆe = 49×0.01 = 0.49, a ≈ 81nˆelˆe. When the laser pulse interacts with
the plasma shell, the electrons are compressed to high density and pushed forward to be
separated from the ion shell. As shown by Figure 1 (c) and (d), at t = 25fs, the normalized
momentum of the electron shell reaches 20−100. With Eq. (1), the compressed high-density
electron shell is opaque for the laser pulse as shown by Figure 1 (f). The electrons will be
accelerated efficiently and continuously by the radiation pressure of the laser.
This high-density relativistic electron shell is called the first relativistic electron shell.
Between the first electron shell and the ions, a uniform space-charge separation field forms
and accelerates the ions at the ion front and drags the electrons as shown by Figure 1 (e).
The ”capacity” field is decided by the surface density of the electron shell:
Ecap =
enele
ǫ0
, (2)
For ne = 5.5 × 10
22/cm3, le = 10nm, the stable field is 9.95 × 10
12V/m, which accelerates
the ions at the rear of the ion shell continuously. Therefore the maximum ion energy is
proportional to the acceleration length, dacc,
Ei = Ecapdacc(eV), (3)
before the electron shell breaks up.
After several hundreds of femtoseconds, some electrons leak out from the electron shell
continuously and move backward and round again and follow the ion front, however, they
can not catch the ion front. Figure 2 (c), (e) and (f) shows the electron recirculation, the
decrease of the separation field, and the formation of the potential well for electrons at
t = 450fs respectively. The normalized maximum electron momentum reaches about 500
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FIG. 1. (Color online) Simulation results by one-dimensional VORPAL at t = 25fs: the first
opaque relativistic electron shell forms and is totally separated from ions. (a) and (c): the phase
space distribution of ions and electrons. The electron shell is totally separated from the ions
and is relativistic and opaque for laser pulse. (b) and (d): the density distribution of the ions and
electrons with normalized momentum. The ion energy distribution is uniform. The electron energy
distribution contains several monoenergetic ones. (e): the longitudinal space charge separation
field, which is similar to the field in a capacity, is uniform and is 9.95×1012V/m. (f): the potential
and laser field. The electron shell is relativistic and opaque for the laser pulse.
as shown by Figure 2 (d). Figure 2 (f) shows that the deepness of the potential well for
electrons increases about to 0.3GeV. From Figure 2 (a) and (b), the maximum ion energy
is about 500MeV. The acceleration length is about 65µm. A monoenergetic electron beam
of 186MeV and 132pC is obtained as shown by Figure 2 (d). It is obvious that the first
relativistic electron shell is still opaque for the laser pulse.
As shown by Figure 3 (d), the recirculating electrons cumulate and drive up the electron
potential. In front of and behind the accumulating electrons, two potential wells are forming
4
1.22 1.24 1.26 1.28
x 10−3
−0.5
0
0.5
1
1.5
x (m)
p i/
M
c
a
1.1 1.15 1.2 1.25 1.3 1.35 1.4
x 10−3
−500
0
500
x (m)
p e
/m
c
c
−0.2 0 0.2 0.4 0.6 0.8 1 1.2
0.5
1
1.5
2
x 107
pi/Mc
N i
b
−500 0 500
0
1
2
3
x 108
p
e
/mc
N e
d
1.15 1.2 1.25 1.3 1.35
x 10−3
−5
0
5
x (m)
E x
 
(10
12
V/
m
)
e
1.15 1.2 1.25 1.3 1.35
x 10−3
−0.5
0
0.5
x (m)
φ (
GV
) o
r E
y 
(2×
10
14
V/
m
)
f
186MeV,132pC
recirculating electrons, 450fs
first relativistic electron shell
still opaque for laser pulse
FIG. 2. (Color online) Simulation results by one-dimensional VORPAL at t = 450fs: electron
recirculation begins and generates a potential well for electrons, where pi, pe is momentum of ion
and electron respectively, M is the proton mass. (a) and (c): the phase space of ions and electrons
respectively. The electron recirculation happens and some of them move in the opposite direction
relativistically. (b) and (d): the energy distribution of ions and electrons respectively. The first
electron shell is accelerated most efficiently and continuously. (e) the longitudinal field decreases
due to the electron recirculation. However it is still uniform between the ion front and the first
electron shell. (f): a potential hill for ions and a potential well for electrons forms due to the
electron recirculation. The first relativistic electron shell maintains opaque for the laser pulse.
for electrons. The potential well I still traps and accelerates the accumulating electrons to
generate the second relativistic high-density electron shell. In the potential well II, some
electrons at the end of the second relativistic electron shell drop into it and will be trapped
and accelerated to form a suprathermal electron shell as shown by Figure 5 (d). At the same
time and at the local position of the second relativistic electron shell, potential well III for
ions traps lots of ions and accelerates them to be relativistic and monoenergetic.
5
1 1.2 1.4 1.6
x 10−3
−400
−200
0
200
400
600
800
1000
x (m)
p e
/m
c
formation of the second relativistic electron shell
a
1 1.2 1.4 1.6
x 10−3
0
1
2
3
4
5
x 109
x (m)
N e
electron density distribution with x
b
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
x 10−3
−2
−1
0
1
2
3
x (m)
E x
 
(10
12
V/
m
)
c
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
x 10−3
−0.4
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
x (m)
φ o
r 
−
φ (
GV
)
potential well III 
 
 
d φ
−φ
at the ion front
potential well I
the first relativistic electron shell
potential well II
FIG. 3. (Color online) Simulation results by one-dimensional VORPAL at t = 1.25ps: the second
relativistic electron shell forms and traps ions to be accelerated to relativistic. (a): the second
relativistic electron shell forms in the potential well. It drives up the potential and forms two
potential well I and II for electrons in front of and behind itself, a potential well III for ions at
the local position of itself. It is shown clearly in (d). (b): the number density distribution of
electrons. (c): the electron recirculation decreases the longitudinal field continuously. It is still
uniform between the ion front and the first electron shell.
With time, the slow recirculating electrons can also be trapped in potential well V as
shown in Figure 4(f) and the third suprathermal electron shell forms in the potential well
II as shown by Figure 5. At the position of the shell, potential well IV traps the ions and
accelerates them to obtain a quasi-monoenergetic distribution of 171± 10MeV. Behind the
shell, a potential well for electrons traps them and a thermal electron cloud is generated. The
ions between the double relativistic electron shell have a uniform distribution from 1GeV
to 2.18GeV. Trapped by the second relativistic electron shell, the maximum energy reach
981MeV. As shown in Figure 4 (f), the potential well III has been filled up nearly, then
the energy dispersion will become worse. The ions with larger energy will coast down the
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FIG. 4. (Color online) Simulation results by one-dimensional VORPAL at t = 3.075ps: the
suprathermal electron shell forms and traps ions to obtain a flap-top 3 − 47MeV energy distri-
bution. (a) and (c): the phase space of ions and electrons. The suprathermal electron shell forms
in the potential well II and then potential V for electrons and potential IV are generated. (b) and
(d) the energy distribution of ions and electrons. A monoenergy ion beam with energy of 627MeV
is obtained in the second relativistic electron shell. (e): the longitudinal field induced by the double
electron shell. (f): the potential IV for ions is induced by the suprathermal electron shell and traps
ions and improves the energy dispersion of the 3 − 47MeV ion beam. The potential V can trap
slow electrons and thermalize them to obtain thermal electron cloud. Potential III is nearly filled
to be flat and the energy dispersion of the 627MeV monoenergetic ion beam will become worse.
following potential slope and get into the ion beam between the double relativistic electron
shell. The ion number has a steep descent for the energy larger than 981MeV and has a
slow drop for the energy smaller than 981MeV. In the electron energy distribution, there
is a monoenergetic one of 385 ± 10MeV and 163pC, a ultra-relativistic one of 1GeV and a
Maxwellian one which contains the thermal electron cloud and the suprathermal electron
shell. As shown by Figure 5(c) and (f), the ion front is between the double electron shell. The
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FIG. 5. (Color online) Simulation results by one-dimensional VORPAL at t = 4.025ps: the thermal
electron cloud and the suprathermal electron shell come into being. (a) and (d): the phase-space
of ions and electrons respectively. The electrons contain four main parts: the double relativistic
electron shells, the suprathermal electron shell, the thermal electron cloud. (b) and (e): the
energy distribution of ions and electrons respectively. A monoenergetic ion beam with energy of
171 ± 10MeV is obtained by the suprathermal electron shell. Trapped and accelerated by the
second relativistic electron shell, the ion energy distribution drops down at 981MeV. (c) and (f)
the number density of ions and electrons respectively. (g) the longitudinal field. (h) the potential
for ions and electrons. (i) the laser pulse field. The first electron shell maintains opaque for laser
pulse.
ions between the double electron shell coast down the potential slope and obtain relativistic
energy as shown in Figure 5(h) and (b).
In conclusion, the double relativistic electron shells, the suprathermal electron shell and
the thermal electron cloud induce a new region of laser particle acceleration. In the process,
several potential wells for ions and electrons are generated. On the whole, the double
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relativistic electron shells induce two relativistic platforms of the ion energy distribution.
The suprathermal electron shell traps and accelerates a monoenergetic ion beam with several
hundreds of MeV, whose relative energy dispersion is near 5%. Together with the thermal
electron cloud, a thermal Maxwellian ion beam has been obtained.
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